The accessory Sec (SecA2/Y2) systems of streptococci and staphylococci are dedicated to the transport of large, serine-rich repeat (SRR) glycoproteins to the bacterial cell surface. The means by which the glycosylated preproteins are selectively recognized by the accessory Sec system have not been fully characterized. In Streptococcus gordonii, the SRR glycoprotein GspB has a 30 90-residue amino-terminal signal sequence that is essential for transport by SecA2/Y2, but is not sufficient to mediate the transport of heterologous proteins by this specialized transporter. We now report that a preprotein must remain at least partially unfolded prior to transport by the accessory Sec system. In addition, a region of approximately 20 residues from the amino terminal end of mature GspB (the Accessory Sec Transport or AST domain) is essential for 35 SecA2/Y2-dependent transport. Replacement of several AST domain residues with glycine strongly interferes with export, which suggests that a helical conformation may be important.
Introduction
The serine-rich repeat (SRR) glycoproteins of streptococci and staphylococci are a 45 unique family of bacterial cell surface proteins. They are highly similar in domain organization, with an unusually long amino-terminal signal peptide followed by a short serine-rich region, an acidic or basic region, an extremely long serine-rich region, and a carboxy-terminal cell wallanchoring motif (3, 18, 25, 31, 35, 38, 50) . Despite these similarities, the SRR glycoproteins are a highly diverse family of adhesins, binding to a broad range of human tissues and proteins 50 including endothelial cells, epithelial cells, erythrocytes, platelet membrane proteins, salivary glycoproteins, or keratins (21, 28, 33, 46, 48, 52). A subset of the SRR proteins bind to distinct carbohydrate structures on their respective ligands, and thus display lectin-like activity (1, 25, 39, 41, 42, 53) . For several of the SRR proteins, the ligand-binding domain has been mapped to the region between the two serine-rich regions (28, 33, 41, 53) . Many of the SRR glycoproteins 55 have a significant impact on virulence (21, 23, 26, 31, 35, 40, 48, 51) , and evidence suggests they also are important for biofilm formation (14, 18 ).
The SRR proteins are typically encoded in a chromosomal locus that also encodes components that mediate their post-translational modification and transport to the bacterial cell surface. The addition of carbohydrate moieties to the two serine-rich regions occurs very 60 rapidly, through the combined action of two or more enzymes (7, 21, 43 54). The glycosylated preprotein is then transported to the cell surface via a dedicated transporter known as the accessory Sec (or SecA2/Y2) system (9, 21, 34, 44) . This specialized transporter invariably includes SecY2 (the putative transmembrane channel) and the SecA2 ATPase (4), along with on January 1, 2018 by guest http://jb.asm.org/ Downloaded from 5 SecA/Y. Somewhat surprisingly, the extended N region of the signal peptide does not have an influence on the export route. Instead, three glycine residues in the hydrophobic core of the signal sequence interfere with export via the canonical pathway, and concomitantly facilitate 90 SecA2/Y2 transport. This is likely to be a common mode of trafficking to the SecA2/Y2 systems, as all of the SRR glycoproteins have two or three glycines in the hydrophobic core of the signal peptide. Reducing the number of glycines can re-route the preprotein, so that it is trafficked more efficiently to SecA/Y. Whether the effect of the glycine residues on trafficking is due to a preferential targeting to SecA2 versus SecA, or to preferential interaction with SecY2 95 versus SecY, or both, is not yet known.
Although the GspB signal peptide is essential for transport, it is not sufficient to mediate the export of other substrates by SecA2/Y2 in S. gordonii. In this report, we provide evidence that preprotein folding can prevent transport via SecA2/Y2, and that a heterologous protein can indeed be transported by SecA2/Y2 if it remains in a sufficiently unfolded state. In addition, we 100 describe a domain of GspB adjacent to the signal peptidase cleavage site that is absolutely required for SecA2/Y2 transport. The region is apparently required both for targeting to the SecA2/Y2 translocase and for initiating translocation through the SecY2 channel. The same region is not necessary for transport by SecA/Y, which suggests that engagement of the SecA2/Y2 translocase is a more stringent process. 105 on January 1, 2018 by guest http://jb.asm.org/
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Methods
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table I . Oligonucleotide primer sequences are listed in Table II . S. gordonii strains were 110 grown in Todd-Hewitt broth (THB; Becton, Dickinson and Company) at 37˚C in a 5% CO 2 environment. Transformed strains were initially selected by plating on sheep blood agar containing 15 µg/ml erythromycin or 100 µg/ml spectinomycin as required. Subsequent retention of the chromosomally-integrated plasmids or DNA fragments did not require antibiotic
selection. 115
Construction of MalE and MalE31 fusions with GspB. The plasmid pB736flagR contains the entire gspB736flag coding sequence, along with 1.2 kb of DNA from the chromosomal region upstream of gspB to facilitate integration into the normal chromosomal locus (5). For construction of the gspB736flag::malE fusion, malE was amplified from pMAL-c2x using the 120 primers MalEF1 and and MalER. The PCR product was digested with SacI and then ligated to pB736flagR that had been digested similarly. The gspB736flag::malE31 fusion was generated by a two-stage PCR procedure. In the first stage, primers 32F (5) and MalEsfR, or primers MalEsfF and MalER, were used to amplify the upstream or downstream segments, respectively.
The two PCR products were combined for the second stage, and then amplified using primers 125 32F and MalER. The PCR product was digested with SacI and then ligated to pB736flagR that had been digested similarly.
For fusion of MalE31 to the N-terminal end of GspB, the malE31 coding sequence was generated by two-stage PCR as described above, except using the SpeI-linked upstream primer on January 1, 2018 by guest http://jb.asm.org/ Downloaded from ligated to pB736flagR that had been digested with SpeI. This removes codons 295-736 of gspB736flag, but leaves the carboxy-terminal 3XFLAG coding sequence. The upstream NsiISpeI fragment, containing the 5'end of gspB736flag through codon 294, was then replaced with shorter fragments that had been generated by PCR using primer 32F along with the SpeI-linked reverse primer B93M, B110M, B111M, B117M or B129M. 135
The plasmids were propagated in E. coli, and the presence of only the intended changes was confirmed by DNA sequence analysis (Sequetech). Plasmids were then used to transform S. gordonii strain PS846 or PS998 as indicated.
Targeted deletions and substitutions in GspB736flag. Three deletions in gspB736flag (∆94-140
117, ∆118-131 and ∆132-223) were generated by a two-stage PCR procedure as described above, except using primer 32F along with d3R, d4R or d5R for the first stage upstream reactions, and d3F, d4F or d5F along with 24R (5) for the first stage downstream reactions, respectively. The PCR products were digested with NsiI and HpaI, and then used to replace the corresponding region of pB736flagR. 145
Two derivatives of pB736flagR were subsequently generated in order to facilitate the exchange of short regions of gspB736flag. Plasmid pB736flagR/96X was generated by a twostage PCR procedure as described above, except using primers 32F and 96XR, or 96XF and 24R, for the first stage upstream and downstream reactions, respectively. The PCR product was digested with NsiI and HpaI, and then used to replace the corresponding region of pB736flagR. 150
Plasmid pB736flagR/96X118B was generated by replacing the XhoI-HpaI fragment of pB736flagR/96X with a XhoI-BamHI and a BamHI-HpaI fragment, which had been amplified 8 by PCR using primers 96XF and d4R, or 118BF and 24R, respectively, and then digested accordingly.
To construct pB736flagR∆98-102, a DNA fragment was generated by PCR using the 155 XhoI-linked primer d6F along with primer 24R. The PCR product was digested with XhoI and HpaI, and then used to replace the the XhoI-HpaI fragment of pB736flagR/96X. Three other deletions in gspB736flag (∆103-109, ∆112-117 and ∆116-117) were generated by replacing the XhoI-BamHI fragment of pB736flagR/96X118B with one that had been amplified by PCR using primers d7F and d7R, 96XF and d8R, or 96XF and d9R, respectively. 160
The E97 codon in gspB736flag was replaced by a two-stage PCR procedure. In the first stage, primers 32F and E97R, or primers E97AF and d4R, were used to amplify the upstream or downstream segments, respectively. The two PCR products were combined for the second stage, and then amplified using primers 32F and d4R. The PCR product was digested with NsiI and BamHI and then ligated to pB736flagR/96X118B that had been digested similarly. All other 165 codon changes were made by a single PCR reaction, using either a XhoI-linked forward primer (codons 98 and 101) along with d4R, a XhoI-linked forward primer along with a BamHI-linked reverse primer (codons 103-109), or primer 96XF along with a BamHI-linked reverse primer (codons 108-114). The PCR products were digested with XhoI and BamHI, and then ligated to pB736flagR/96X118B that had been digested similarly. 170
The plasmids were propagated in E. coli, and the incorporation of only the intended changes was verified by DNA sequence analysis. Plasmids were then used to transform the S gordonii strain PS846, PS998 or PS999 as indicated. incorporates a BspHI restriction site was included in the primer sequence, in order to facilitate tracking of the mutation (see Table II ).
Analysis of secreted and non-secreted proteins. Proteins from S. gordonii culture supernatants or protoplasted cells were prepared and analyzed by western blotting as described previously (2) that were both necessary and sufficient for transport by the accessory Sec system, we had previously tested fusions of GspB (129 or more amino-terminal residues) with heterologous proteins for their ability to undergo transport by this pathway (5). However, none of the fusion proteins were successfully exported by the SecA2/Y2 system, indicating that the heterologous protein had inhibited GspB transport. One possible explanation for the inability of the SecA2/Y2 220 system to transport heterologous proteins is that specific interactions between the SecA2/Y2 translocase and the mature region of the preprotein are required for transport (12) . Alternatively, preprotein folding prior to transport might block passage through the channel (6, 22) .
To test the latter possibility, we employed a well-characterized slow-folding variant (MalE31) of the maltose binding protein MalE (30) , which has been used in analyses of the 225 AIDA-I autotransporter in E. coli (27). We used the MalE or MalE31 coding sequence to replace codons 146 through 560 of gspB736flag ( Fig. 1) , and then looked for transport via SecA2/Y2. Whereas no transport of native MalE was evident upon fusion to GspB736flag ( We next asked whether the 24 residues (94-117) were required specifically for SecA2/Y2
(versus SecA/Y) transport, and whether they might interfere with SecA/Y transport (thereby indirectly facilitating SecA2/Y2 transport). As mentioned above, non-glycosylated GspB736flag (produced by expressing the protein in a ∆gtfA strain) can be exported inefficiently by SecA/Y 260 (2, 5). We therefore examined whether the export of selected GspB736flag variants was increased or decreased, as compared with wild-type GspB736flag, when expressed in a ∆gtfA ∆secA2 background. Deletion of residues 94-117, which completely abolished SecA2-dependent transport, neither abolished nor significantly increased transport by SecA/Y (Fig. 4B , compare lanes 2 and 6 with lanes 1 and 5). A larger deletion spanning the same region (∆81-191), which 265 also abolished SecA2-dependent export (5), had no apparent effect on SecA2-independent transport (Fig. 4B, lanes 3 and 7) . In addition, an insertion of 19 amino acids adjacent to the hydrophobic core of the signal peptide (Tn80), which severely reduced SecA2-dependent export (5) (and see below) had little effect on SecA/Y transport (Fig. 4B, lanes 4 and 8) . The combined data therefore confirm that a region of GspB adjacent to the signal peptide is required 270 specifically for SecA2/Y2 transport, and does not simply interfere with SecA/Y transport. Thus, the region will be referred to as the Accessory Sec Transport or "AST" domain. scanning mutagenesis of selected charged and polar residues within this region indicated that E97 was important for export, since substitution of this residue resulted in a substantial decrease in export, with a simultaneous accumulation of the preprotein in the protoplasts (Fig. 5A, lane 2) .
Replacement of the other charged or polar residues (Fig. 5A, lanes 3 through 10) , or deletion of two acidic residues (Fig. 4A, lane 9) , had little or no effect on export. Thus, although the AST 285 domain has a high net negative charge, this property does not appear to be critical for transport.
Secondary structure predictions of the GspB preprotein indicated that the AST domain might form an α-helix (data not shown). Alanine substitutions within this region did not drastically alter the predicted structure. We therefore generated a series of substitutions by using the helix-destabilizing residue glycine, in order to determine whether the structure of the AST 290 domain was likely to be important. In this case, replacement of several residues led to a substantial (L106 or R109) or severe (L114) decrease in export ( 8 and 9, respectively) . These results indicate that a glutamatic acid residue at position 97, along with a highly hydrophobic residue at position 114, are essential requirements of the AST domain.
SecY2
I382N can transport GspB variants with defective signal peptides. Studies of the Sec 310 system in E. coli have indicated that certain variants of SecY are capable of transporting preproteins that have defective signal peptides. One of the most extensively studied SecY mutants is the prlA4 (protein localization) mutant (13) , which has an asparagine substitution for an isolucine in the tenth transmembrane helix (I408N). The isolucine residue is one of five that form a constriction known as the "pore ring", which seals the channel when it is not engaged in 315 protein transport (17, 29, 47) . The I408N substitution destabilizes the closed state of the channel, and is thought to over-ride a gating mechanism that is usually facilitated by signal peptide intercalation between the second and seventh transmembrane segments of SecY (19, 36).
We reasoned that an analogous variant of SecY2 (SecY2 I382N ) could be used to distinguish gating defects (as evidenced by increased export of the variant preprotein from a 320 strain expressing SecY2 I382N as compared with wild-type SecY2) from defects in targeting (i.e.
delivery to the translocase, as evidenced by no increase in export). We first examined whether secY2 I382N resulted in a phenotype equivalent to the prlA4 mutation of SecY. As seen in Figure   6A , SecY2 I382N (lane 2) transports GspB736flag comparably to the wild-type SecY2 (lane 1).
Moreover, it can more readily transport GspB736flag variants with at least some types of signal 325 on January 1, 2018 by guest http://jb.asm.org/ Downloaded from peptide defects (lanes 3-10). That is, GspB736flag variants with a large deletion in the N region (∆8-68), an insertion of 19 residues between the N and H regions (Tn72), or an insertion of 19 residues between the H and C regions (Tn80), were all exported more readily by the SecY2 I382N -expressing strain. However, a variant of GspB736flag that has a deletion of nearly the entire signal peptide (∆9-79) was not exported, which suggests this variant was not targeted to the 330 SecA2/Y2 I382N translocase. Thus, SecY2   I382N , like E. coli SecY   I408N , results in a prl phenotype, and can be used to detect gating defects.
I382N can transport a subset of the AST domain variants. We next sought to assess the extent to which SecY2 I382N could transport GspB variants with alterations in the AST domain. 335
As seen in Figure 6B , two of the variants (E97G and ∆98-102), although inefficiently transported by wild-type SecY2, were transported relatively well by SecY2  I382N (lanes 1-4) . These variants were therefore not defective at targeting to SecA2/Y2, but rather were defective in gating. Two Sec system components, and thus has a positive role in SecA2/Y2-dependent transport.
The precise requirements for the structure and composition of the AST region of GspB have not been fully defined. Replacement of E97 with alanine resulted in decreased transport of GspB736flag, but replacement of other charged residues with alanine had little or no effect on the export of GspB736flag. Likewise, deletion of two of the acidic residues (E116 and E117) 360 had no apparent impact on transport. This suggests that, although the AST domain has a high net negative charge, this property is not critically important for the transport process. Conversely, replacement of several residues (E97, L106 and L114) with glycine or proline had a strong impact on GspB736flag export, which suggests that a helical conformation of the AST domain is important. L114 could be replaced with a highly hydrophobic residue (phenylalanine, isoleucine 365 or valine) with no negative impact on transport, but substitution with less hydrophobic residues (alanine, histidine or serine) resulted in a severe reduction in transport (Fig. 5C ). These findings suggest that the AST domain may form an amphipathic helix, with a glutamic acid residue at the seventh position from the signal peptidase cleavage site.
on January 1, 2018 by guest http://jb.asm.org/ Downloaded from deletion analyses, regarding the essentiality of residues 112 to 114. GspB736flag missing these residues was not transported at all, whereas GspB111::MalE31 (which lacks these residues) showed some SecA2-dependent transport. However, inspection of the GspB111::MalE31 fusion protein sequence indicates the N-terminal end of MalE is similar to 112-114 (LVI versus AVL), so the distal portion of the putative amphipathic helix would be maintained. 375
The function of the AST domain in trafficking appears to be two-fold. First, it has a profound impact on targeting of the preprotein to the translocase. Many of the AST region variants were at best only slightly more efficiently transported by SecY2 I382N than by wild-type SecY2 ( Fig. 6B and data not shown), which suggests they were inefficiently targeted to the translocon. Whether the AST domain directly interacts with SecA2 or some other targeting 380 factor (such as the Asps) remains to be determined. Second, the AST domain is also essential for gating of the translocon. Two alterations, E97G and ∆98-102, had a detrimental impact on transport but did not strongly interfere with targeting, since transport of these variants by
I382N was relatively efficient (Fig. 6B, lanes 2 and 4) . The combined results indicate that there may be specific contacts between the proximal portion of the AST domain (residues 97 to 385 102) and the translocase (SecA2, SecY2, or both) that are essential for the initiation of translocation.
The finding that a heterologous protein can be exported if coupled to the GspB signal peptide and AST domain also indicates that there are not likely to be specific contacts between the translocase and the remainder of the mature region of the preprotein during transport. As 390 long as the preprotein is sufficiently unfolded, and has the AST domain, it can be transported.
Thus, the main factor affecting the exclusivity of the accessory Sec system may be that other 
